N86-11265 


BISMALE IMIDES AND RELATED MALEIMIDO POLYMERS AS MATRIX RESINS 
FOR HIGH TEMPERATURE ENVIRONMENTS 


John A. Parker, Demltrlus A. Kourtldes, and George M. Fohlen 
National Aeronautics and Space Administration 
Ames Research Cente- 


Blsmalelmldes are being Increasingly used as matrix resins for graphite- 
reinforced composites. The monomers are cured by a thermally-induced addition 
reaction to give highly cross-linked, void-free network polymers having good physi- 
cal propert es with higher thermal stability, higher char yield, better fire resis- 
tance, and lower water absorption than currently used epoxy systems. 

There are problems with malelmldes, however, such as solvent retention In the 
prepregs, high temperature often needed for curing, and the brittleness of the 
polymers due to the high cross-link density obtained In network polymers. 

c+r...^I he , ? onom f r ^ blsmalelmldes are relatively easy to make with a wide variety of 
nine i! ra I i * * * v ‘* r1at ]° n j a va11able for property modification. The structural modifica- 
tions to be described will Include a variety of aromatic diamines. Phosphorous- 
containing aromatic dl- and triamines have been made Into bis- and trlsmalelmldes 

th., e i P ! r! rs J hat w111 not burn * even 1n pure oxygen. Some malelmldes based on 
J*fkiiI]° tr1ph0Sphazene nucleus 9 1ve 9°°d polymers having excellent thermo-oxidative 
stability as measured by high char yields In air at 700 °C. 

Other modifications that will be described are those that are designed to 
improve the fracture toughness. The diamines, for Instance, can be extended by 
reactive dianhydrides to give lengthened blsmalelmldes. By decreasing the cross- 

! ik ! n ! ty ’ * he br1tt1eness ^ expected to be reduced. Some of the systems de- 
scribed have also been modified by reactive elastomers to Impart toughening. 

i i Coreec 1 1 on of blsmalelmldes with other thermostable reactive monomers such as 
vinylstyrylpyrldlnes or stllbazole combine the good properties of both types of 

resins with a lowering of the curing temperature required. Among some of the 

s!rIlS d It r 300 n -C 1 (570 o^ Slb1e t0 f1 " d SyStemS that Wl11 be USeful for cont1nuoi JS 

INTRODUCTION 

«v<c 4 . T 5 1s P a P er /® v ]® ws some of the Important structure-property relationships that 
exist for blsmalelmldes and related polymers as they Influence the potential appll- 
Mtion °f this class of polymers when used as matrix resins for fibrous composites 
in high-temperature environments. Of special Interest Is the use of these polymers 
as binders for fire-resistant secondary lightweight composites for aerospace appli- 
cation. Some consideration Is given to the potential application of this class of 
resins for long-time use as secondary structures and as elastomerlc-toughened pri- 
mary structures at temperatures In excess of 300 °C. The advantages and limitations 
of state-of-the-art blslmldes with respect to high-temperature use, flreworthlness 
processability, and environmental stability are described. 
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Polymers have been prepared by modification of the basic malelmldo structures 
and by polymerization mechanisms which eliminate thermal ly-weak bonding units. 

Easily thermally degraded aliphatic linkages (also contributing to brittleness) and 
pivotal groups such as methylene and Isopropylldene have been replaced with phos- 
phonates and cyclotrlphosphazenes. Virtually completely fire-resistant polymers 
with limiting oxygen Indices of 100 have been obtained. The effect of mlcrostruc- 
tural changes on the pyrolysis mechanisms In both Inert and air environments has 
been demonstrated. Polymers have been found with residue weights In excess of 
80 percent In air at 700 8 C. Substantial retention of mechanical properties sug- 
gests a new upper limit for polymer application. The role of residual solvent on 
high-temperature properties of blsmalelmldes has been found to be extremely dele- 
terious. Hot-melt systems have been devised by chain extension and copolymeriza- 
tion with reactive oligomers to eliminate the use of solvent and to reduce the cure 
temperature and Internal strains. 

A key objective of this paper Is to Introduce a new class of blslmlde copoly- 
mers derived from the polymerization of vinyl stllbazole oligomers which can be 
processed without solvent, cured under somewhat lower temperature conditions than 
standard epoxides (165 °C), and gives a resulting matrix resin with a glass- 
transition temperature and polymer decomposition temperature In excess of 400 °C. 

It appears that the stllbazole chain unit provides a thermally-stabilizing effect 
on the aliphatic linkage resulting from the vinyl addition polymerization as well 
as a "burled" or thermal ly-reactlve functionality to cross-link the polymer at tem- 
peratures In excess of 500 °C. This results In the high char yield (50 percent or 
greater) needed for fire resistance but allows for greater chain flexibility at use 
temperatures. This unique combination of blsmalelmlde and vinyl stllbazole as 
addition copolymers provides a wide range of formulation possibilities to tailor 
the matrix resin to a variety of high-temperature and fire-resistant applications. 

Blsmalelmldes 

Generlcally, these polymers refer to those matrix resins for application In 
fibrous composites which contain at least two malelmldo groups prepared through the 
reaction of maleic anhydride. Generally this Is a two-step reaction Involving the 
formation of an amide acid Intermediate followed by ring closure to give malelmldo 
end groups. Primary aromatic diamines are shown In figure 1. The resulting oligo- 
mers are soluble In acetone, tetrahydrofuran, and N-methylpyrolldone. As simple 
blslmlde derivatives of aromatic diamines they are generally high-melting solids of 
low viscosity which polymerize rapidly at temperatures slightly above their melting 
point. When fully cured these simple blslmldes exhibit high glass temperatures In 
excess of 350 °C, and anaerobic char yields greater than 60 percent, but are 
extremely brittle due to their high cross-link density. 

These polymers made a brief appearance In the late sixties for applications 
requiring somewhat higher-temperature resins than conventional epoxides for glass- 
fiber reinforced composites. There Is a very limited need for matrix resins, with 
modest Improvements In thermal stability when compared with epoxy resins. Simple 
blslmldes, such as those derived from methylenedlanlllne with a melting point of 
202 *C, are soluble In polar solvents and are extremely difficult to process as 
mentioned above. For these reasons they found no significant application. However, 
these simple blslmldes exhibit high char yields of 60 to 70 percent as measured 
anaerobically at 600 # C with very little thermoplasticity In the fire environment. 

It has been a major objective of current research to overcome the limitations of 
processing and brittleness of blslmldes and at the same time retain the excellent 
flreworthlness and high-temperature stability of the basic blslmlde system. 
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ifor. a m 4 w Vera1 4 m0d1f l cat1ons of b1s1m1de structure have appeared commercially. The 
Keramide resin systems presumably take advantage of the opportunity of adding an 

aromatic amine across the malelmldo double bond to Introduce an aliphatic secondary 
amine bridge as shown In figure 2. This reaction Increases the molecular weight 

eLiir n!n^!J!h?^ UrS ? r a " d 1 ”J^ oduces a point of chain flexibility. One observes 
coll^ P InH^roHi!roH^ y * 0We [ "^ll! 9 point ’ better solub nity, more controlled vls- 
JSlS: JhJ a, i Ure I ate (b !^ er react1on control). The chain extension also 
fin? < 9l J < te ? Pe I a Ju* e a ? d 1nherent brittleness to some degree. Keramide 

601, which Is typical of this class of blslmlde modification In fiber-glass com- 
p os1tes. Is probably good for continuous application at 150 °C for 50 000 hr with 
good electric^ properties. It has found. wide use In circuit board applications 

SOmC ‘j as ® s . may ? e P referred over epoxy resins. The presence of the Michael 
addition product Introduces a point of thermal Instability In the Imlde chain which 

clas^nf 6 ^*? 6 C ? ar h? 1 h 1 ? and therraal stability, thus Impairing the use of this 
class of resins In high-temperature and fire-resistance applications. 

^ u ?c? eC ° nd J" od1f ]cat1on of the microstructure of blslmlde matrix resins Is found 

n " f !? ure There the blslmlde prepolymer has been chain 
extended by Increasing the chain length of the diamine by the reaction of 

?aSJ^ ylen L d1am1ne , w1th m-an ^ n °benzo1d acid, giving the blslmlde shown as B. In 
the p : ep °] ymer 1s further ch a1n extended by Including an equal molar 
amount of an amine-terminated malelmlde which also reacts In situ by Michael addl- 

!° S a11ed eut f ctu " mixture Increases molecular weight, reduces the 
douhi2 9 h£nrt n J' nCreases v ] scos1t y. and moderates the reactivity of the malelmldo 
d °jjl* ?h dUr1 ? 9 « Pr ? C !!!?!? 9 ' As w111 be seen * th1s molecule still has several 
bridap f AiJh rma I 1j stab 111ty; the Michael product and the phenyl ene-methylene 
aid hvdrnJ^ ?? aromatic amide reacts at high temperature to eliminate water 
J" d bydr 2 9 ? p ’ * a PP ear s that the carbon-nitrogen bond Is retained. As a conse- 
quence, M-751 Is characterized by a high anaerobic char yield of greater than 


hl * 1ass ° polyme r s has two s P ec1f 1c limitations for use as easily process- 

iini J e T rat nc e res1ns - In f1 9 ure 4 » the results of the differential scan- 
"„? 9 calorimeter, ° sc , are shown. An endotherm at 125 °C characterizes the melting 

Eniit 3 ? ex °therm at 275 °C displays the DSC curing temperature. The melting 
P °!"* ai nd v1sco J 1ty of the melt taken together do not permit hot-melt processlngas 
solvent Is required. The high temperature needed to fully cure M-751 (275 °C) 

i ! Use 1n conventional composite processing where cures at 160 °C are more 
appropriate. 

m 1976 K ° urt1des et al * (ref. 1) demonstrated the unusual fire resistance of 

M-751 In secondary composite structures Intended for application as Interior panels 
for mass transportation. Parker (ref. 2) showed that the anaerobic char y?ild ?n 

A5 a t0 u 5 5 P erce nt accounted for a unique and optimized combination of 
flammability and ablation properties. This optimized combination of properties In 
second^ structures such as Interior panels gave rise to a maximum time to flash- 
over and minimum smoke and toxic gas emissions, as well as good fire-retardant 
properties. 

.. Table 1 compares the relative ranking of the flammability characteristics, the 
limited oxygen Index, and the percent optical transmission with the measured 

a " a * r ?^ J bar y1e1ds of M - 751 ’ H - 795 ’ and other matrix resin polymers. It can be 
seen that the Improvement of blsmalelmldes Is some two to three times better than 
the epoxide-based composite system. The same relative ranking of f laronablllty Is 
seen In both glass and graphite compositions. 
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The high-temperature pyrolysis reactions occurring In one flamming combustion 
mode have been found to correlate rather well with the anaerobic char yield at 600 
to 800 °C. As will be seen, there are parallel correlations with polymer decompo- 
sition temperatures and glass temperatures of some systems. Anaerobic char yield 
alone should not be used as a criterion for high temperature thermo-oxidative sta- 
bility. The general quantitative pyrolysis reactions of simple blslmldes can be 
simply accounted for by ring coalescence of the aromatic and blslmlde rings with 
the elimination of water and hydrogen. The resulting carbon-nitrogen ring system 
Is usually stable In air up to 400 °C and Is rapidly oxidized to zero char yield at 
temperatures greater than 500 °C. Fortunately, In the fire case the rate control- 
ling pyrolysis reactions take place In an essentially anaerobic environment where 
the effect of thermo-oxidative stability Is minimal. 

As will be seen, phosphorous modification of the malelmldo matrix resins pro- 
vides both thermal and thermo-oxidative stabilities. The only factor which limits 
the general acceptance of M-751 and H-795 blsmalelmldes for superior fireworthy 
composite structures Is the high temperature required for curing compared with 
standard epoxy systems. 

Structural Composites from Halelmldo Matrix Resins 

Blsmalelmldes cure without the evolution of small volatile molecules by the 
thermal polymerization of the malelmlde double bond. This feature of these mole- 
cules Is a significant advantage In obtaining void-free composites. Thermal degra- 
dation Induced by "backbiting" reactions of unreacted amino and carboxylic acid 
groups Is virtually eliminated. 

Unfortunately, as pointed out above, the poly-addition reaction exhibits a DSC 
curing reaction at 275 "C. In curing 9-ply satin-weave graphite composites, this 
reaction temperature extrapolates to temperatures of 220 to 240 °C for 2 to 3 hr 
and still may require further postcure to realize the potential mechanical 
properties. 

In addition to causing higher processing costs than standard graphite epoxides, 
these higher cure temperatures can produce large Internal strains In standard blslm- 
lde composites. It has been observed that these high Internal strains encountered 
In large graphite composites can Induce the formation of Intolerable concentrations 
of microcracks with catastrophic loss of Impact properties uncharacteristic of 
small laboratory samples. It has been found that addition of small amounts of 
liquid elastomer of the order of 2 to 3 percent (not conventional rubber toughen- 
ing) gives acceptable composites free of microcracks, resulting In nominal Impact 
resistance. 

What Is needed Is an alternative curing mechanism for blslmlde structures 
which will permit lower-temperature processing and still not Interfere with the 
Inherent thermal stability of the aromatic blslmlde ring system. This question 
will be taken up In detail In the next section. 

Processing Conventional Blslmldes 

Up to this point, blsmalelmldes made processable by chain extension through 
thermal ly-weak links and requiring solvent-based varnishes to prepare prepregs have 
been considered for fire resistant secondary structures used under ambient condi- 
tions. It has been found that under normal processing conditions It Is virtually 
Impossible to remove the last traces of solvent (between 1 to 3 percent) from the 
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cured graphite composite, as shown In figure 5. Here It can be seen that the 

famnfr~! tate K C 2 n 4 entrat1on of , so1vent * this case NMP, decreases with Increasing 
temperature but Is never completely eliminated (ref. 3). 9 


The effect of this residue of solvent, which appears to plasticize the M-751 

f ZttJ A Vrt 6) * 15 catas troph?c. Here'theloss^n modulus 

^. p ] ott f d . as * function of test temperature. It can be seen that the compressive 
moduTus (also true of ultimate strength) decreases very rapidly with temperatures 

fh° m tn° m * em Pf ra ^ ure to 3 ^0 °C. Here the blslmlde A composite has lost better 
than 60 percent of Its Initial properties. 

Initially the graphite composite Is equivalent to the epoxy resin. At ele- 

D va ?r ver ^ U J S "° better than the * p ^ d *- This result is con- 

fa ed w )th the Phenolic resin which shows no loss In properties over the entire 
emperature range. In fact, the phenolic resin shows an upward turn In the com 
presslve modulus due to further curing above 250 *C. 

Mllu I J n ; an b * concluded from these results that although the blslmlde A Is ther- 

™" y a " d „ ! 1v : ly Sta 5 le t0 250 t0 300 ° C (unl1ke the epox1de wh ^h Is thermally 
degrading In this temperature range), blslmlde A has no better performance than the* 

epoxide due to adventitious solvent. It Is clear fro., the foreSo^og “"Sit tSat 
primly structural composites for use at temperatures around 300 °C cannot easily 
be formulated from useful solvent systems. easny 

I s H e ?!! ed 1s 3 Passable blsmalelmlde In the form of a hot-melt system 
thPrlvn J? th J h ? " ee ? for so1vent application and chain extension by a more 
J5®r^ ly " s *? bl ? chain extension mechanism than the Michael addition product. 

blsJllri! ?c 79 k V ll th6Se redu1 r ements. The general structure for this hot-melt 
eitMrf^rt l! H h °K? fl9U : e 7 - Here the simple aromatic blslmlde has been chain 
extended to double the molecular weight by eliminating the thermal ly-weak chain 

^ o Present In M-751, thus reducing the comparable melt viscosity and providing 
an easily processable melt at 120 °C. a 

«i«*+ T !! e compressive moduli for comparable structural graphite composites are 

hft? t »Ii+ a L a 4 f ?I! Ct l 0 3 ° f tem P erature 1n figure 8. Here It can be seen that the 
hot-melt blslmlde H-795 (blslmlde B composite) retains Its mechanical properties 

degraded Chan9e t0 3 °° ° C ** Wh1Ch P ° 1nt b ° th epoxy and b1slm1de A have completely 

£ rom these data alone It Is not possible to distinguish between solvent 
?n!rti»L a ? d ^ a1 2 gradation. Both degradation processes and plasticization are 
f the failure ° f blslmlde A to perform at high temperatures. It Is clear 

tliT t J?i f ° re ?°2? 9 that bigh-temperature structural composites from blslmlde sys- 
brTdgT 111 P ™ bab1y evo1ve from hot-melt systems containing no common aliphatic 


b fi b ? e ? observed that blsmalelmldes In general have been found to 
exhibit significantly better hot-wet strength than comparable graphite epoxy 
systems. The effect of blslmlde structure on moisture absorption was examined by 
simple Immersion tests of both neat resins and graphite composites formulated from 
tne neat resins. The room temperature water absorption data Is plotted In 
figure 9. Here It can be seen that the water absorption for blslmldes Is much 
slower Initially than that of standard epoxides, but eventually they attain values 
quite comparable to the epoxy resin. This Is not true for the formulated com- 
posite. The rate of water absorption for blslmlde B, the more polar hot-melt 
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blslmlde, Is comparable to the rate of absorption of the epoxide. The more 
aliphatic blslmlde has a very low water absorption and equilibrium value. It Is 
conjectured that the reported excellent hot-wet strength for current blslmldes Is 
determined In large measure by the polarity of the blslmlde molecular unit, low 
Initial rate of water absorption, and the fact that water may be less effective as 
a plasticizer for blslmlde structures. 

Even with the advantages of the hot-melt blslmlde B (H-795), It still exhibits 
a DSC cure temperature of 275 °C and all the limitations these cure conditions 
Impose. Matrix resins are desirable as alternatives to epoxide polymers for 
advanced aerospace composite structures. These are known by NASA as the second 
generation matrix resins. With the limitations previously outlined, It Is clear 
that contemporary blslmldes do not meet these needs. 

It Is well known that vinyl monomers such as stryrene and dl vinyl benzene 
readily copolymerize with maleic and fumarlc acid derivatives at low temperatures 
from 120 to 150 °C. Peroxide catalysis of this reaction forms the basis for poly- 
ester laminate technology. It has also been found that stryrene, for example, 
readily polymerizes with phenylmalelmlde to give high molecular weight linear poly- 
mers which are Initiated thermally or with peroxides. It Is reasonable to expect 
that vinyl monomers and a wide variety of vinyl-terminated oligomers would be 
expected to act as reactive diluents or comonomers for malelmldo oligomers. 

The objectives for an optimum liquid oligomer and blsmalelmlde copolymer are 
outlined In table 2. Processing as a hot melt and curability with a vinyl oligomer 
theoretically should present no particular difficulty. However, simple vinyl mono- 
mers should be expected to give difficulties as a result of volatility; that Is, 
microvoid formation and volatile losses. The simple aliphatic vinyl linkage should 
be expected to degrade the high-temperature performance by depolymerization and 
scission, thus limiting high-temperature stability and substantially reducing the 
anaerobic char yield, which reduces flammability. It Is extremely unlikely that 
any simple vinyl -hydrocarbon monomer can be found as a copolymer reactant which can 
meet the objective criteria set forth In table 2. 

Earlier (ref. 3) It was shown that graphite composites formulated from poly- 
styr 1 pyridine matrix resins, obtained from the condensation reaction of collidine 
and aromatic dialdehydes, give the best fire endurance and high-temperature stabil- 
ity of any matrix resin yet evaluated. Unfortunately, because of the elimination 
of water In condensation curing reactions, void-free composites are difficult to 
obtain. Also, extremely vigorous curing temperatures above 250 # C are required. 
Short-term high-temperature stability at temperatures In excess of 400 # C have been 
observed. It Is believed that the matrix resin Is stabilized by the presence and 
persistence of the double bond of the conjugated stllbazole group at temperatures 
up to 400 °C. From model compound studies (ref. 4), It appears that the stllbazole 
group reacts In situ to give a highly cross-linked ring system, characterized by 
char yields of 70 to 80 percent at 600 to 800 °C In nitrogen. 

The special thermal properties of the stllbazole double bond have been taken 
advantage of In the design and synthesis of the two types of liquid oligomers shown 
In figure 10. Earlier attempts (ref. 5) to synthesize vinyl-terminated linear 
stllbazoles from dlmethylpyrldlnes such as lutadlne did not meet the criteria for 
epoxide resin replacement. 

The two types of oligomers shown In figure 10, however, seem to meet these 
needs. 5-v1nyl-2-methy1pyr1d1ne gives a low melting (40 # C) oligomer, suitable for 
copolymerization with a wide variety of malelmldo prepolymers. A chain-extended 
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version obtained with collidine Is also shown In figure 10. Vlnylstyrylpyrldlne, 
VPSP, has been prepared from collidine, terphthaldehyde, and 5-v1ny1-2- 
methylpyrldlne. Both comonomers have been easily thermally polymerized with the 
hot-melt blslmlde, H-795, over a wide range of comonomer ratios. 

Typical thermal processes occurring during these copolymerizations are shown 
for the case of VST and H-795 In the differential scanning calorimeter traces In 
figure 11. Here the heat flow Is plotted as a function of temperature. It can be 
seen that the VST oligomer exhibits a DSC melting temperature of 50 to 60 *C with a 
slow and weak exothermic curing reaction occurring over a temperature range from 
160 to 240 *C, due to the thermal polymerization of the vinyl double bond. In 
separate thln-fllm IR studies It has been shown that the stllbazole double bond 
does not participate In this reaction. Another mild exotherm becomes apparent 
above 322 *C, probably associated with limited polymerization of the stllbazole 
double bond. 

A similar thermal history Is shown In figure 11 for the blsmalelmlde hot melt, 
H-795. The DSC shows an endothermic melting point around 118 °C and a DSC cure 
temperature of 282.4 °C, typical of aromatic blsmalelmldes. It can be seen that 
the copolymer formulated from a mole ratio of 3:7 of VST to H-795 begins to melt 
around 50 # C and then polymerizes rapidly at 164 *C, a cure temperature some 120 °C 
less than pure blsmalelmlde. Similar reductions In melting points and cure temper- 
atures are seen with VPSP/H-795 copolymers. 

The results obtained from the thermochemlcal-physlcal characterization of this 
new family of copolymers are compared In table 3. It can be seen that In all of 
the copolymer ratios Investigated, the cure temperatures are significantly reduced 
below those required for the blslmldes and In most cases less than those required 
for aerospace-grade epoxides (MY-720-DDS) . As might have been anticipated, the 
degree of cure temperature reduction changes monotonlcally with the concentration 
of vinyl double bonds contributed by the VSP or VPSP In the blsmalelmlde copoly- 
mer. it Is Interesting to note that the glass temperatures of these copolymers, as 
measured by dynamic mechanical analysis, Is 380 °C or higher In all cases; that Is, 
several hundred degrees higher than the cure temperature of 160 to 200 # C. The 
anaerobic and high temperature stability In all cases Is at least equivalent or 
better than the blslmlde alone, as Indicated with polymer decomposition tempera- 
tures In excess of 400 *C. As predicted from studies on other stllbazole polymers, 
the anaerobic char yields are significantly higher than those possible from 
aerospace-grade epoxides. 

With the exception of the high VST ratio of 3:7, all the measured char yields 
of these copolymers are substantially higher than the H-795 blsmalelmlde alone. It 
Is probable that the 3:7 copolymer has too low a cross-link density to effect 
optimum char yield. 

As mentioned previously, the parallelism that exists among char yield, glass 
temperature, and thermoplasticity at 300 *C Is clearly apparent In the results 
shown In table 3. It can be seen that the dynamic modulus from DNA measurements of 
the low-temperature cured copolymers In typical graphite-composite formulations 
remains unchanged from room temperature to 300 # C. The long-term thermo-oxidative 
stability of these new graphite composites remains to be examined. 

A preliminary evaluation of the mechanical properties of these new copolymers 
as matrix resins for graphite composites was performed on simple 8-ply satin-weave 
graphite fabrics with resin contents from 26 to 32 percent. The results are shown 
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In table 4, compared with an H-795 control. It can be seen that the flammability 
of the composites based on the copolymers Is better than the blslmlde alone. It Is 
also obvious that the copolymers give both short-beam shear and strength values two 
to three times greater than the blslmlde alone. No attention has been given to 
optimizing the fiber sizing or polyphase matrix toughening to Improve damage 
tolerance or Impact strength. 

It should also be noted that the use of vinyl-terminated stllbazole oligomers 
may be applied generally to a variety of heretofore difficult blslmldes. The 
values for water absorption after 2 hr In boiling water are also given In table 4. 
The absorption amounts to 1 percent or less. It has been found that comparable 
epoxy-graphite composites usually absorb 2 to 3 percent under similar conditions. 

One may expect substantial Improvement In the hot-wet strength of these composites. 

Here, then. Is a nonpolar (no oxygen), low- temperature curing oligomer which 
reduces water absorption, gives a threefold Improvement In mechanical properties, 
requires no solvent, gives char yield consistent with optimum fire resistance, and 
has service temperatures of 300 °C or better. It Is believed that the vinyl s tl 1 — 
bazole copolymers described In this paper represent a significant advance In matrix 
resins for graphite secondary structures, where ease of processing, fl reworthiness, 
and high-temperature stability are product requirements. Further research Is 
necessary to evaluate the toughness and Impact resistance of these copolymers as 
matrix resins for primary structure. 

In the case of high-temperature, speciality graphite-composite structures, 
where economic considerations of materials and processing can be relaxed for per- 
formance, malelmldo matrix resins can be modified to give very thermally-stable 
polymers. These polymers are good for continuous service at 300 °C or better and 
have complete fire resistance, limiting oxygen Index of 100, and mechanical proper- 
ties superior to the best graphite-epoxy composites. 

Two structural changes In state-of-the-art blslmldes must be met. First, the 
bond strength of the pivotal aliphatic carbon bridge must be replaced with a more 
thermal -oxidative resistant group than an aliphatic carbon. Secondly, the cross- 
link density must be reduced by chain extension to overcome the brittleness of the 
matrix resin. 

As shown In figure 12, two blsmalelmlde matrix resins have been prepared by 
replacing the usual methylene bridge with phosphonate linkages (ref. 6). In 
resin 1 the methylene bridge has been replaced by an amlnophenylphosphonate and In 
resin 2 It has been replaced with methylphosphonate. These two polymers were 
rubber modified with AT8N and the perf luoroalkylene diamine shown In figure 12. 
Resin 1 was formulated with ATBN between 3.9 and 18 percent. Even small additions 
of ATBN degrade the fire resistance and high-temperature stability of the neat 
resin. Thermogravlmetrlc analysis of all of these modifications gave polymer 
decomposition temperatures above 350 °C and anaerobic char yields between 47 and 
71 percent. Addition of 6.4 percent of the perf luoroalkylene diamine (3F), shown 
as g In table 6, had little or no effect on the neat resin char yield and still 
resulted In polymers with an L0I of 100. 

The effect of the perf luoroalkylene ether modification on the mechanical 
properties of blslmlde II are shown In table 7. It can be seen that with exception 
of the L0I and flexural modulus, this chain extension reaction gave a substantial 
Improvement In all the mechanical properties as compared with the control, and sub- 
stantially better properties than the composite derived from MY-720 cured with 00S. 
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An alternative scheme for enhancing the stability of malelmldo matrix resins 
Involves replacing the connecting atoms with a thermally stable moiety, In this 
case the trlcyclophosphazene shown In figure 13. Here the resulting hexamlne Is 
capped with three malelmldo groups leaving three amino groups for chain extension. 
Other variations of this modification are shown In figure 14 (ref. 7). 

As shown In figure 15, all of the malelmldo trlcyclophosphazenes show polymer 
decomposition temperatures well over 350 °C In air. High char yields (greater than 
80 percent) are again observed with these phosphorous comodified polymers. Both 
resins I and II gave residue polymer weights between 40 and 70 percent In air up to 
800 °C. All organic matrix resin systems examined to this point gave essentially 
zero char yields In air at temperatures between 500 to 600 °C. These results sug- 
gest unexpected thermo-oxidative stabilization of the blslmlde system by these 
phosphazene modifications and may provide a matrix resin for short-term use under 
rather severe thermo-oxidative conditions. The details of these thermo-chemical 
reactions of phosphate blslmldes remain to be resolved. 

What Is again remarkable, as In the case of polymer VI which Is readily solu- 
ble In methylethylketone and gives tough polymer films when polymerized at 250 °C, 
Is the fact that the polymer shows a char yield of 80 percent; a new pyropolymer 
relatively stable In air at 800 °C Is formed. This film, although somewhat brit- 
tle, exhibits good semiconducting properties with resistivities In the range of 
10 ohm-cm. 

The char yields of these trlcyclophosphazenes In nitrogen at 800 °C and In air 
at 700 °C Illustrate the unusual thermo-oxidative stability of this new class of 
malelmlde resins. Figure 16 compares these resins with various state-of-the-art 
blslmldes and other aromatic matrix resin polymers with anaerobic char yields In 
excess of 40 percent. Only the phosphorous-modlf led polymers give substantial 
pyrolysis residue weights In air at 700 °C. One may speculate at this point that 
It may be practical for some purposes to postcure composites derived from silicon 
carbide fibers at temperatures between 600 and 700 °C to obtain composites suitable 
for continuous service In air at temperatures above 500 °C. 

Finally, figure 17 shows the results obtained by Isothermally aging thin films 
of resin VI In air and nitrogen. These films were cast from MEK and cured at 
220 °C. Even with this limited degree of cure there Is no weight loss In N 2 up 
to 72 hr at 350 °C. These data suggest that this polymer may provide continuous 
service In air at 300 °C. For compositions which can tolerate up to 10 percent 
weight loss this temperature might be extended to 350 °C. 

Concluding Remarks 

It has been shown that significant processing and property Improvements can be 
achieved by copolymerization of state-of-the-art blslmldes with various vinyl stll- 
bazole derivatives to give both fire resistance and high-temperature properties 
from hot-melt compositions. Significant Improvement In mechanical properties has 
been achieved through these modifications which may make these new matrix resins 
Ideal candidates for fireworthy secondary graphite composite structures. Phospho- 
rous modifications of malelmldo polymers through phosphonate structure and trl- 
cyclophosphazene derivatives have provided families of new matrix resins for 
short-time applications In severe thermo-oxidative environments. With further 
research these may provide matrix resins for long-term thermo-oxidative stability 
of advanced composites at temperatures up to 400 to 500 °C. 
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Notice 


Reference to a company or product name does not Imply approval or recommenda- 
tion of any of the products stated In this paper by the National Aeronautics and 

Space Administration to the exclusion of others that may be suitable. 
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TABLE 1. - RELATIVE RANKING OF GRAPHITE FABRIC 
(W-133) COMPOSITES BASED ON 
FLAMMABILITY PROPERTIES 


Resin 

LOI 

XT 

Resin Y c 
800 C, N 2 

Average, 

X 

Polyphenylsulfone 
(RADEL 5000) 

52 

92 

47 

90.4 

Phenol ic-Novolak 
(MXG-6070) 

50 

92 

46 

88.7 

Benzyl 

(WRF-1200) 

49 

81 

53 

88.1 

Polyethersulfone 

(P-300) 

54 

74 

40 

81 .4 

Bismaleimide B 
(H795) 

56 

54 

49 

80.3 

Bismaleimide A 
(M-751 ) 

47 

23 

50 

64.4 

Phenolic-Xylok 
(Xylok 210) 

46 

1.5 

46 

53.5 

Epoxy (Control) 
Fiberite 934 

41 

1 .8 

21 

36.7 


AVERAGE X = 


LOI 


LOI. 


100 + 


100 


max 


( D $ /l 32 ) 


10 


max 


%T = X Optical 

Transmission 

Y c = X Char Yield 
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TABLE 2. - OBJECTIVE FOR SECOND GENERATION COMPOSITE-LIQUID 
OLIGOMER AND BISMALEIMIDE COPOLYMERS 


Processability 

Hot melt (melting point is less than 130°C) 


Soluble in low boiling solvent 


Low gel temperature (<120°C) and time (1/2 hr) 

Easy to cure 

Low cure temperature (350°F) and time (less 


than 4 hr) 

Impact resistance 

Less than 10% shear strength loss after impact 


with 10 in-lb 

High temperature stability 

Decomposition temperature is higher than 300°C 

Fire resistance 

LOI is greater than 40 


TABLE 3. - COMPARISON STATE OF THE ART MATRIX RESINS WITH 
VST/BMI AND VPSP/BMI COPOLYMERS 


Resin System 

Cure 

temperature 
(DSC Peak), °C 

H 

I 

M 

Composite modulus 
GPa 

25°C 

300°C 

Epoxy (MY720) 

255 


300 

30 

13.5 

2 

Bismaleimide (H795) 

282 

BS 

400 

42 

15 

14 

Copolymers : 







VST : H79 5 = 1:4 

197 

380 

400 

43 

13 

12 

VST :H795 = 3:7 

164 

— 

400 

36 

■IKg 

1 

VPSP:H795 = 1:9 

245 

>400 

400 

43 


wm 

VPSP-.H795 = 1:4 

230 

>400 

400 

50 


E9 

VPSP:H795 = 3:7 

226 

— 

400 

55 


Hi 
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TABLE 4. - PRELIMINARY MECHANICAL PROPERTIES ASSESSMENT OF VST.VPSP/BMI 
COPOLYMER COMPARED WITH H 795 IN GRAPHITE FIBER COMPOSITES 


Physical and 
mechanical 

Resin system with 9ply satin weave graphite fiber 

properties 

H 795 

VPSP/H795 

1:4 

VST/H795 
1 :4 

VST/H795 

3:7 

VPSP 

Resin content 
% 

30.5 

26 

30 

31.5 

26 

Density, g/cc 

1.55 

1 .43 

1.39 

1.38 

1 .44 

LOI 

52 

62 

46 


57 

Water absorption, % 

2 hrs boiling water 

0.72 

1.17 

0.99 

0.86 

1.36 

Short beam shear 
R.T. ksi 

R.T. flexural: 

1 .7 

2.95 

2.96 

2.89 

3.15 

modulus, msi 

7.7 

7.3 

7.3 

7.4 

7.6 

Strength, ksi 

Flexural, 100 °C 
modulus, msi hot-wet 

24 

41 

46 

41 

49 

Strength, ksi hot-wet 







TABLE 5. - PROPERTIES OF LIQUID OLIGOMER-BISMALEIMIDE SYSTEMS 


Low cure temperature 

170 °C 

Low gel temperature 

110 °C 

Low gel time 

15 min 

Long pot life at room temperature 

3 months 

High glass transition temperature 

>350 °C 

High stiffness modulus 

>13 GPa at room temperature 

High fire resistance 

LOI is above 45 

Use no solvent (hot melt) or 

— 

low boiling solvent (THF) for prepreg 



67 
















TABLE 6. - THERMAL CHARACTERISTICS OF MODIFIED 
BISIMIDE RESINS 


Sample 

Resin and elastomer 

Char yield, %* 
neat resin 

LOI , X 0 2 
laminate 

a 

I (control) 

61 

100 

b 

II (control) 

71 

100 

c 

I + 3.9 % ATBN 

58 

— 

e 

I + 18 % ATBN 

47 

85 

f 

I + 6.4 % 3F 

56.5 

100 

g 

II + 6.4 % 3F 

68 

100 


*In N 2 , at 800°C. 


TABLE 7. - PROPERTIES OF PHOSPHORYLATED BISIMIDE II MODIFIED WITH 

ELASTOMER 3F 


Property 

Blslmlde II 

Epoxy* 

Percent Improvement 


Control 

+6.4% 3F 


Over control 

Over epoxy 

Flexural strength 
xlO 3 , psi 

109.45 

138.64 

92.26 

+26.7 

+50.3 

Flexural modulus 
xlO 6 , psi 

19.4 

20.04 

7.1 

No change 

+182 

Energy, ft-lb 

28.3 

41.3 

— 

+45.9 

— 

Tensile strength, 
xlO 3 , psi 

59.8 

76.9 

82.6 

+28.6 

-6.9 

Shear strength 
xlO 3 , psi 

5.38 

10.2 

7.74 

+89.6 

+32.5 

LOI, % 0 2 

100 

100 

36 

No change 

+++ 

Resin content, % 

18-20 

22.5 

25.3 

— 


Resin char 
yield, % 

71 

68 

20 

-4.2 

— 


*MY 720 cured with DOS 
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Figure 3. - Chemistry of M 751 resin. 



Figure 4. - Melting and polymerization behavior of 
bismaleimide resin M 751. 



Figure 5. - Plot of solvent content as 
function of time showing remaining 
traces of solvent. 



Figure 6. - Plot of modulus as function 
of temperature showing the decrease In 
modulus from room temperature to 300 °C. 
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Figure 7. - Chemistry of H 795 resin. 



Figure 8. - Plot of modulus as function of 
temperature showing stability ofblslmide B 
composite at temperatures which degrade both 
epoxy and blsimide A. 



IMMERSION HME.iUyi 

Figure 9. - Plot of water absorption as function of 
Immersion time for blslmldes and standard epoxides. 



Figure 10. - Chemical structure of liquid oligomers. 
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Figure 11. - DSC of blsmaleimlde (H 795) and 
VST/H 795 copolymers. 
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x ♦ y - 2 or 3 


Figure 12. - Molecular structure of blsmaleimlde matrix 
resins prepared by replacing the methylene bridge with 
phosphonate linkages. 
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Figure 14. - Schematic showing additional variations of malelmldo matrix resins. 



HEATING RATE. 10°C/min 



Figure 15. - Thermogravimetric analysis of 
cyclophosphazene polymers. 
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ORIGINAL FAC'i IS 

OF. POOR QUALITY 


* 



□ CHAR YIELD AT 800 °C, N 2 
Y7X CHAR YIELD AT 700 °C, AIR 

[MATERIALS IN COMPLETELY OPEN COLUMS HAD ZERO WEIGHT 
RESIDUE IN AIR AT 700 °C] 



Figure 16. - Histogram comparing the thermal oxidative 
stability of trlcyclophosphazenes with state-of-the-art 
blslmldes and aromatic matrix resin polymers. 
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Figure 17. - Isothermal weight loss of (VI) at 
various temperatures. 
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